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ABSTRACT 


We have developeu a low temperature atomic hydrogen maser 
using frozen atomic neon as the storage surface. The maser 
has been operated in the pulsed mode at temperatures from 6 K 
to 1 1 K and as a self-* excited oscillator from 9 K to 10.5 K. 


INTRODUCTION 

As soon as some cnpclarized hydrogen atom gos had been successfully stored at 
*1.2 K In a bottle coated with frozen molecular hydrogen 1 , it was clear that 
the new low temperature hydrogen storage techniques might improve atomic 
hydrogen m.ser frequency standards. 2 The most likely improvement is in the 
short term frequency noise, which is proportional to the radiative decay rate 
1/Tj times the square root of the thermal noise divided by the averaging time 
and the power radiated by the atoms.* There is a dramatic decrease of the 
cross section for relaxation due to electron spin exchange collisions between 
the radiating atoms. “ Because of collisions the radiated power is quadratic 
in input atomic beam flux and has maximum value proportional to the inverse of 
the spin exchange cross section squared. The potential improvement in 
radiated power is large, given sufficient beam flux. Fortunately, low 
temperature techniques can also provide a large gain of clean, state->-r, elected 
beam flux. In addition, thermal noise power in the maser cavity and recei -«r 
first stage can be greatly reduced by cooling, and substantial improvements in 
radiative decay rates are anticipated. These factors should combine to 
produce an improvement ny several orders of magnitude in the short term 
frequency noise of hydrogen maser standards. 

Low temperature techniques may also offer substantial improvements in the long 
term frequency stability of hydrogen maser standards. Stability to one part 
in 10 li requires temperature stability to 7.3 mK, difficult to achieve at room 
tempt rature but routinely achieved at low temperatures. Stability to one part 
in 10 11 requires stability of the cavity geometry equivalent to about ’ A in 
the linear dimensions; mechanical creep is literally frozen out at low 
temperatures. Magnetic field homogeneity and stability can be improved by 
using superconducting magnetic shields. 
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APPARATUS 


Figure 1 is a schematic of the apparatus we have built to test these ideas. 
The apparatus is immersed in liquid helium held in a 6" ID superinsulated 
dewar. Molecular hydrogen is fed through a 1 cm OD pyrex tube inside a 
stainless steel "source dewar" separating the helium bath outside from a 
liquid nitrogen bath inside. The liquid nitrogen cooled 180 MHz rf discharge 
dissociates molecules to atoms, which pass downwards through an "accommodator" 
where they are cooled to 5 v and are then focused by a six pole states 
selecting magnet to a 5 cm OD quartz storage bottle. The storage bottle is 
surrounded by a 4" OD 1420 MHz microwave cavity, a set of three 0.005" thick 
magnetic shields, and a vacuum tight can containing helium exchange gas, which 
allows the cavity and bottle to be heated uniformly to temperatures above the 
temperature of the liquid helium bath. 

Figure 2 is a more detailed schematic of the hydrogen source and cavity 
assembly. Dissociated atoms pass from the discharge through a thin ? mm ID 
orifice into the 5 mm ID by 1.5 cm long copper accommodator coated with 
solid molecular hydrogen. Semicircular baffles prevent atoms or impurities 
from getting through the accommodator without making about 100 collisions with 
its cold solid hydrogen surface. The accommodator is neated by recombining 
atoms or by an external heater, and it is cooled by a copper heat conduction 
path to the liquid helium bath. Slow moving H atoms are efficiently focused 
by a 1.3 cm bore by 10 cm long six pole permanent magnet through a 1 2 cm long 
by .75 cm ID entrance tube to the storage bottle. The cavity 5 provides a 
uniform rf magnetic field over the storage bottle and has unloaded Q as high 
as 20,000 at 4.2 K. 

The inside surface of the storage bottle and its entrance tube are coated 
with several hundred thousand layers of solid molecular hydrogen or atomic 
neon, frozen out f rom the gas phase as the apparatus is cooled initially. 
Care is taken to control the gas pressure and temperature so as to form some 
liquid first, then the solid coating. Below the threshold for oscillation a 
short pulse at the AF=0 hyperfine transiton frequency sets the atoms radiating 
on that transition, and the decaying cavity rf field is sampled by a coupling 
loop, converted to an audio frequency signal, and fed to the A/D converter and 
computer storage. The frequency and radiative decay rate are fitted directly 
from the signal, and level population recovery rates 1/T, are determined from 
signals in response to multiple pulses. The signal amplitude, multiplied by 
T,, is proportional to the input flux of F=1, m F =0 hydrogen atoms. 

Figure 3 3hows the input flux of st.ate^selected atoms plotted against the 
temperature of the accommodator as measured by a carbon film thermometer. The 
open circles represent fluxes obtained by varying the input of atoms to t ie 
accommodator. As the flux into the accommodator increases, heat due to atoms 
recombining on the solid hydrogen accommodator surface warms that surface. 
The accommodator temperature and output flux both ris with input flux and 
accommodator temperature until the . icommodator temperature reaches about 5.3 
K, where the saturate - vapor p; e of H 2 over the surface becomes high 
enough to impede the fie/. Above o.3 K the accommodator temperature continues 
co rise, but the output flux actually decreases with increasing input flux. 
The crosses represent fluxes obtained by leaving the input flux at the level 
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Figure 1 Schematic of the Apparatus 
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Figure 2 Schematic of Hydrogen Source and Cavity Assetcly 
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Figure 3 Flux of F=l, Mp=0 Hydrogen Atoms 


that produced the flux at the solid circle and then increasing the 
accommodator temperature using an external heater. The coincidence of the 
output fluxes within errors suggests tnat the output flux i3 saturated with 
respect to input flux. Increasing the input flux to the accommodator will not 
increase output flux at the same accommodator temperature. A design requiring 
fewer collisions with the accommodator surface would improve output flux, but 
even these present fluxes compare favorably with the fluxes in room 
temperature hydrogen masers, and the beam is almost certainly cleaner. 


SOLID MOLECULAR HYDROGEN SURFACES 

We began by investigating solid molecular hydrogen wall coatings because they 
are the easiest coatings to make at temperatures between 4 K and 15 K and 
because we had already studied them over the lower temperature range from 3.5 
K to 4.5 K using an earlier apparatus.* Figure 4 shows some results for the 
wall shifts for hydrogen atoms stored over these solid hydrogen surfaces at 
temperatures between 4.2 K and 5.5 K. The solid line has been fit by eye with 
slope 35.8 K equal to the value we obtained for the binding energy of H to H 2 
at the somewhat lower temperatures in the earlier work. Theoretical 
calculations 7 of the binding of H to solid H 2 indicate chat there should be a 
single bound state for motion perpendicular to the surface and almost complete 
freedom to move laterally. Theory* predicts chat for this kind of "two 
dimensional gas" binding the variation of wall shift with temperature should 
be such as to produce a straight line in Figure 4. Within errors we find that 
the behavior we observed at lower temperatures extrapolates well up to the 
highest temperatures at which we obtain signals. The data does not go higher 
than about 5.5 K for the sasie reason that the output from the accommodator 
drops off to very low values at accommodator temperatures above 5.5 K: the H ? 
vapor over the surfao-. of the entrance tube prevents the stated-selected H beam 
from entering the storage bottle. At 5.5 K the lowest wall shift observed is 
about 50 Hz, a factor of 1000 higher than wall shifts in room temperature 
hydrogen masers having Teflon well coatings. If we could go higher in 

temperature, the wall shifts would be dramatically lower, but the high H 2 vapor 
pressure prevents that. 

Relaxation processses other than the dephasing while adsorbed that produces 
the large wall shifts can be investigated using multiple pulses to measure the 
level population recovery rate 1/T,. These rates, less the contribution from 
escape through the entrance, are plotted in Figure 5. A line with slope 35 K 
has been drawn as a guide to the behavior that would be expected for a 
relaxation simply proportional to the mean surface dwell time. It appears 
that the relaxation rates are falling off somewhat faster than at the higher 
temperatures. Again, if we were able to go to higher temperatures, we would 
expect very low relaxation rates. 

To summarize the results for H 2 : This pulsed resonance experiment is an 

interesting probe of atom-*surface Interactions in a particularly simple 
system, but it is not a candidate for 1 precision frequency metrology because of 
the •'’gh H a vapor pressure at temperatures where the wall shifts and 
relax .ion rates would be low. 


344 





ATOMIC NEON SURFACES 
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Neon atom gas h'.s much less saturated vapor density than H 2 at the same 
temperature. Its electric polarizability is less than that of H , so that the 
force between a hydrogen atom and one neon atom in the surface is less than 
for H 2 . Unfortunately, solid neon has less zero point motion than H a and so 
is more compact. The result is that the binding energy of H to a solid neon 
surface is predicted 7 to be about the same as the binding of H to a solid 
molecular hydrogen surface. Figure 6 displays wall shifts we have observed 
for H stored in bottles with solid neon wall coatings, plotted as in Figure 4. 
The slopes are the same from one surface preparation to another, indicating a 
consistent surface binding energy in good agreement with the theoretical 
predictions. The Intercepts vary considerably, indicating variability of 
effective surface area from one surface preparation to another. These data do 
not show indications of thin spots or contamination by some heavy impurity; 
both effects would shift the slope upwards as well as the intercepts. We 
obtain data only up to about 11 K, where the saturated vapor pressure of neon 
in the entrance tube prevents atoms from getting into the bottle. The wall 
shift at 11 K in this 5 cm diameter bottle is about 1 Hz. 

The relaxation rates vary much more than the wall shifts from one surafce 
preparation to another and even from one time to another for a single surface 
preparation as the surface evaporates. Evidently, the relaxation rates and 
the effective surface area are very sensitive to surface structure, but the 
binding energy is not. Within errors, T t =T 2 , indicating that the relaxation 
process i3 predominantly one that removes atoms rather than relaxing them 
through some magnetic interaction. We have observed relaxation rates as low 
as 1 sec” 1 greater than the rate of escape through the entrance, but we have 
al3o observed relaxation rates a hundred times higher. The fault lies with 
the high cohesive energy of solid neon, which tends to freeze into an cpen, 
snowy structure into which H atoms diffuse and eventually recombine. We 
believe that much more uniform and stable surfaces can be made by growing them 
very slowly at the temoerature at which they are used and by maintaining over 
them the saturated vapor pressure of neon gas, but that will require a new 
apparatus . 


MASER OSCILLATION AT 1 0 K 

We have several times produced surfaces with low enough relaxation rates to 
support self-'excited maser oscillation at temperatures ranging from 9 K to 
10.5 K at fluxes of order 10 11 stated-selected atoms sec” 1 and cavity Q's as 
low as 3500. The radiated power at this Q has been of order 10” 12 watts. The 
linewidth of about 3 Hz has been dominated by the rate of escape through the 
bottle entrance. The short term frequency noise is less than that of our room 
temperature comparison maser, but we have not yet been able to measure the 
short term noise precisely. This first experimental apparatus is not 
optimized for temperature stability or magnetic field stability or even for 
surface stability. Although the wall shifts using solid neon wall coatings at 
10 K are relatively high compared to the wall shifts in conventional hydrogen 
maser standards, the physics of the surface is much simpler. Whether the 
reproducibility and stability of the solid neon surfaces can be made to 
compensate for the higher wall shifts remains to be seen. 


347 


T — 









0 


ACKNOWLEDGEMENTS 

We are grateful for support of this work by the Jet Propulsion Laboratory, the 
Office of Naval Research, and the National Science Foundation. We thank Gus H. 
Zimmermann, John French, John Krupczak, Behzad Mirhashem, Karen Anderson, 
Brian Benn, Jim Poirot, Emile Ouellette, and Bryce Babcock for their valuable 
contributions to this work. 


REFERENCES 

1. Daniel Kleppner, Thomas J. Greytak, William D. Phillips, David A. Smith, 
and Abel Weinrib, Bull. Am. Phys. Soc. 23, 86 (1978). 

2. Stuart B. Crampton, William D. Phillips, and Daniel Kleppner, Bull. Am. 
Phys. Soc. 23, 86 (1978). 

3. D. Kleppner, H. M. Goldenberg, and N. F. Ramsey, Phys. Rev. 126 , 603 

(1962). 

4. A. C. Allison, Phys. Rev. A5, 2695 (1972). 

5. H. T. M. Wang, J. B. Lewis, and S. B. Crampton, in Proceedings of the 33rd 

Annual Symposium on Frequency Control , Atlantic City, N.J., 30 May * 1 June 
1979 , (Electronic Industries Association, Washington, D.C~ 1979), p. 543. 

6. S. B. Crampton, J. J. Krupczak, and S. P. Souza, Phys. Rev. B25, 4383 

(1982). 

7. L. Pierre, H. Guignes, and C. Lhuillier, J. Chem. Phys. (to be published). 


3^9 


.j- 





QUESTIONS AND ANSWERS 


JACQUES VANIER , NATIONAL RESEARCH COUNCIL: In view of these 

results, would you care to comment on the last line you had there 
on helium surfaces? Do you think that it's better to use helium? 

MR. CRAMPTON: I would like to say two or three things about that. 
First, for the same geometry, that is, the same ratio of surface 
area to volume, the wall shift for neon surfaces are about ten 
times those of helium. Second, that liquid helium experiment 
geometries are naturally rather small. Although Hardy and 
Berlinsky gave their data extrapolated to a fifteen centimeter 
diameter storage bulb, it's not likely that someone is going to 
hang a fifteen centimeter diameter storage bulb from the mixing 
chamber of a dilution refrigerator, whereas it's no big deal to 
scale our bottle up from five centimeters to fifteen centimeters. 
Sc, you can get a factor of five just from the geometry. The main 
thing to look at is that you are talking about entirely different 
physics. In one case you are talking about a temperature of 10K, 
and a solid surface which is fairly quiet at that temperature. In 
the other case you are talking about a liquid helium surface at 
half a K. It's a factor of twenty in temperature. It's a 
superfluid film. That's great for temperature uniformity within 
the film, but liquid helium films creep towards the warmest place 
they can sense. Then they evaporate and reflux back. The density 
of helium gas is going to be proportional to the local 
temperature in that region. The problems are just completely 
different in the two cases. What should be done is that both 
things should be tried to see what the physics is in these two 
different regimes. 

MR. McCOUBREY: You pointed out that the wall shifts are 

relatively large on the hydrogen and neon surfaces compared to 
the wall shifts on teflon at room temperature. I missed what you 
said about the model. Is the model not appropriate at room 
temperature? 

MR. CRAMPTON: No, it is not appropriate. The binding energy is 
high enough so that you are going to have binding, I think, at 
localized sites. At least one and a half dimensional gas binding. 
On this model the wall shift would go to zero as you went up in 
temperature, whereas with teflon it goes right through zero and 
goes positive. The physics is very different and, of course, is 
very messy with teflon surfaces. 
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